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Agriculture drainage ditches serve as the veins of the Midwestern agricultural landscapes.  
The transport of chemical fertilizers and pesticides in these ditches affects both local and 
downstream ecosystems.  Although much research has already been conducted on 
chemical transport in streams and drainage ditches, as well as through drainage tiles, 
there has not been sufficient research on the effects of subsurface hydrology on nutrient 
storage and interactions between the stream water and the hyporheic zone.  In this study, 
a 20-meter flume was filled with ditch sediment from Marshall Ditch at Purdue 
University’s Agronomy Center for Research and Education in West Lafayette, IN to 
serve as an artificial drainage ditch.  A water table control was built such that the stream 
bed can be set to either drainage, saturated or seepage conditions.  A series of short term 
injection studies, using phosphorus and bromide, were performed under three subsurface 
hydrologic conditions representing a losing stream (water table set below the sediment 
bed), saturation of the sediment bed and a seepage condition (water table set higher than 
sediment bed).  Five treatments were compared: two seepage rates, two drainage rates 






Surface water quality samples were collected by automatic samplers located at 5, 10, 15, 
and 20 meters on one minute time intervals for the designated experimental timeframe.  
Drainage water quality samples were also collected every 2.5 meters during the drainage 
treatment.  It was found that under drainage conditions, there was no influence from the 
sediments on phosphorus mass transport to the surface water; i.e. surface water that 
entered the subsurface sediments did not return to the surface water column.  The 
removal rate of total mass phosphorus during drainage conditions was directly related to 
the hydraulic flux of the treatment.  During seepage and saturation conditions, the 
bromide and phosphorus analysis indicated possible storage in dead pool zones of the 
flume that were immeasurable, indicating that dead pool zones could be more influential 







CHAPTER 1. INTRODUCTION 
1.1 Introduction 
Water quality plays a role in the everyday life of every human on this plant.  Water is 
essential for the health of the human body (Armstrong, 2005) and is necessary for proper 
plant growth (McNider et al., 2011).  Water quality controls the productivity and health 
of both plants and animals.  Several of our oceans, lakes and streams are experiencing 
water quality issues such as hypoxia from excess nitrogen or phosphorus inputs.  The 
word hypoxia means a lack of oxygen, therefore, hypoxic waters can be described as 
water with low oxygen content that have a concentration of 2-3 ppm or less (Mississippi 
River/Gulf of Mexico Watershed Nutrient Task, 2001).   One of the largest and most 
important cases of hypoxia is occurring in the Gulf of Mexico.  Over the past several 
years the Gulf of Mexico has experienced an increase in nitrogen loading from fresh 
water tributaries, causing an increase in nitrogen induced hypoxia (Liu, et al., 2010).  On 
a smaller scale, but equally as important, eutrophication of Lake Erie in the Great Lakes 
region is taking a strong hold on lake quality and the local economy.  It is estimated that 
nearly half a million people fish in the 2.25 million acres of Lake Erie waters in northern 
Ohio; contributing close to $680 million to Ohio’s economy (Ohio DNR, 2014).   This 






It is easy to see how the lake’s water quality can affect things on a dollars and cents scale 
as well as environmentally.  The eutrophication is caused by an increase in phytoplankton 
biomass caused by an increase in nutrient loading (Dolan & McGunagle, 2005).  In this 
particular case, when speaking of eutrophication of Lake Erie; phosphorus loading is the 
main culprit.  The increase in phosphorus loading in the shallowest of the Great Lakes is 
causing extreme ecological changes, mainly cyanobacteria growth.  Cyanobacteria are 
found to be potentially toxic to other algae and aquatic organisms (Tennessee, 2012) 
causing fish kills and other environmental hazards. The abundance of cyanobacteria 
coupled with the shallow lake, increased average water temperatures and the addition of 
high concentrations of phosphorus causes an explosion of algae growth.  Recent research 
has also linked the lowered dissolved oxygen (DO) to stress on specific species of fish 
(Arend et al., 2011).  The results show that hypoxia of the Lake Erie Basin reduces the 
habitat water quality across all species of fish in the study, but the intensity at which the 
fish reacted to the hypoxia varied due to the ability of the fish to react and respond to the 
low oxygen conditions (Arend et al., 2011).   
The question remains as to how the nutrients that are causing this eutrophication and 
hypoxia and how they are getting to Lake Erie and the Gulf of Mexico.  Alexander et al., 
(2007) developed a water quality model to simulate possible sources of nutrient transport 
and found that agriculture sources in the watershed contribute more than 70% of the 
delivered nitrogen and phosphorus.  Therefore, the answer to this question lies in the 
agricultural landscapes of the Midwestern United States as well as other parts of the 





Particularly in the Midwest, agricultural drainage practices are used to lower the water 
table in fields that would otherwise be considered a wetland and be un-farmable.  
Agricultural drainage tile was once made of wood and clay when first invented and 
installed, but modern tile is made out of a hard plastic that has several perforated holes to 
allow the inflow of water from the soil profile.  The material is lightweight and virtually 
maintenance free.  Drainage tile does a great job of removing water from the landscape in 
at a rapid pace, but it also establishes a hydraulic gradient the causes increased leaching 
of nitrogen and other fertilizers into the subsurface and transports them through the tile.  
Although tile drainage can decrease surface erosion by creating that hydraulic flux, it also 
promotes sediment loading in depressional areas of the field.   
Agriculture drainage ditches provide a sophisticated network of drainage channels 
that quickly move tile flow to the closest creek, stream, river or reservoir.  This water is a 
mixture of subsurface water that has moved though the soil profile and water that has 
entered the tile directly through a tile riser.  A tile riser is a direct opening to the tile that 
allows water that has accumulated in depressional areas, to exit the field almost 
immediately to the nearest drainage ditch.  Herzon & Helenius, (2008) summarize the 
importance and functionality of a drainage ditch.  The authors point out the importance of 
ditch management and its impacts on the positive biological activity and ecosystems that 
have been established in these drainage ditches.  The biological activity can aid in 
nutrient processing and removal from the water column.  The ditches are not only there to 
remove water as fast as possible for increased farm land production, but have established 
themselves as little ecosystems that stretch across the agriculture landscapes throughout 





Water is not the only thing that is being transferred downstream via drainage ditches.  
Several researchers have studied nutrient and sediment transport through agricultural 
drainage ditches and the tiles that drain into them (Laurent et al., 2010; Smith, 2009; 
Smith & Huang, 2010; Strock et al., 2007).  Nutrient transport downstream through 
agriculture drainage ditches is a problem because, in excess amount, it can cause 
problems like hypoxia and eutrophication which causes harm to water quality. 
A drainage ditch is part of the landscape.  The surrounding surface and subsurface 
hydrology conditions, including those established by drainage tiles; affect the processes 
occurring in the ditches.  A better understanding of nutrient and sediment transport that 
takes place through agricultural drainage ditches needs to be established to develop better 
management practices that keep nutrients and sediment from moving downstream and 
causing serious water quality issues.  These issues need to be addressed because stopping 
the application of fertilizers is not a realistic option.  To replace the nutrients in the soil 
that are removed during growth and harvest, fertilizer needs to be added in some form.  
There is a need for research on the way in which streams and ditches process nutrients 
and options for managing agricultural drainage ditches as part of sustainable landscape 
management.  The focus needs to be on studying the way ditches and streams process the 
nutrients that are flowing though them and managing the ditches as well as managing the 
surrounding land in a sustainable manner that promotes minimal sediment loss and 
utilizes accurate fertilizer management practices.  One of the ways to achieve this is to 
study the subsurface hydrology effects on nutrient transport and analyze through 






The goal of this research was to determine the effects that subsurface hydrology has 
on nutrient transport in Midwestern United States’ agricultural drainage ditches and 
stream networks.  The objectives for this study are as follows: 
(1) develop and test a systematic way to study nutrient transport in a laboratory setting to 
effectively simulate subsurface hydrology interactions with ditch sediment and, 
(2) quantify nutrient transport with short term injection studies among three different 
subsurface hydrology conditions  
 It is hypothesized that subsurface hydrology, whether a stream gains or loses subsurface 
water, creates hydraulic gradients that move nutrients into or out of hyporheic zones by 
means other than diffusion.  More specifically, it is hypothesized that a stream with a 
negative hydraulic gradient will give an addition of nutrients to surface water and on the 
contrary; a positive hydraulic gradient will remove more nutrients from the water column.  
This hypothesis will be tested by analyzing total mass flux observed at four sampling 
locations under drainage, seepage and saturation treatments, total mass passing though 
each location compared to what was added in the nutrient plume and ratios between 
phosphorus and the non-reactive tracer sodium bromide.  Depending on the findings, 
there is a potential to change or implement new agricultural best management practices 
on field sites as well as drainage ditches. 
1.3 Thesis Organization 
This thesis will be divided into five chapters.  The introduction and hypothesis and 





Chapter 2 will be a literature review of previously studied areas of chemical and sediment 
transport.  Chapter 3 will include the methods and procedures for the experiments and 
describe the apparatus used to study chemical transport.  Results and discussion will be 
described in Chapter 4.  Chapter 5 will be a final summary of the research with 
conclusions and discussion of possible future research using the equipment engineered 


















CHAPTER 2. LITERATURE REVIEW 
2.1 Agriculture Drainage & Nutrient Loading 
Agriculture drainage is the practice of removing excess water from agricultural fields 
to establish soil wetness conditions that are suitable for crop production.  To remove the 
water from the field, drainage tile is installed in the subsurface and directed to the nearest 
ditch or stream; in many cases an agricultural drainage ditch.  Possible negative impacts 
can come from removing water from agriculture landscapes so quickly such as remove of 
essential soil and crop nutrients into the ditch water, also called nutrient loading.   
Researchers are looking into the effects of nutrient loading into larger bodies of water 
such as Lake Erie.  In one study by Daloğlu et al, (2012) the Soil and Water Assessment 
Tool (SWAT) was used to model dissolved reactive phosphorus loading within the 
Sandusky watershed, which drains to Lake Erie, between the years of 1970-2012.  The 
study found that the cause of the increased dissolved reactive phosphorus content was 
due to several factors such as an increase in storm events, changes in fertilizer application 








The US EPA (Environmental Protection Agency) published a paper after monitoring 
Lake Erie from 1983-2002 looking at annual variations in phosphorus, silica and 
chlorophyll a and found that the year to year variations could be associated with 
fluctuations in weather patterns such as winter storm events that are larger than normal 
(Rockwell et al., (2005).  The effect of weather on phosphorus loading into Lake Erie 
from non-monitored watersheds is also important and was reported by (Dolan & 
McGunagle, 2005).  They found that for the non-monitored years between 1997 and 1998 
there was an increase in loading, >11,000 metric tons per year, which could be attributed 
to the increase in precipitation during that time period. 
2.2 Management 
2.2.1 Field Scale 
Agriculture drainage ditches provide an artificial pathway for the disposal of 
water from croplands (Herzon & Helenius, 2008).  Drainage tiles are installed throughout 
the Midwestern United States and other parts of the world to increase the availability of 
productive crops and productive farmland while at the same time, altering water flow 
regimes, intensities of cultivation and nutrient dynamics within watersheds (Herzon & 
Helenius, 2008).  Several problems are associated with drainage tiles and drainage 
ditches.  Although drainage ditches provide an excellent solution to disposing of excess 
water in croplands, they also add complications including accelerated nutrient runoff 
from fields, problems with nutrient cycling in the drainage ditches and interferences with 
the natural uptake and release of valuable soil nutrients, phosphorus and nitrogen 
(Millennium Ecosystem Assessment, 2005).  One of the most intense problems with the 





Janse & Van Puijenbroek, (1998) performed a study on the occurrence of ditch 
eutrophication using a simulation with the model PCDitch.  They found that simulated 
eutrophication was higher in years where there were more rain events that caused an 
increase in nutrient movement from fields to drainage ditches, which established higher 
than average nutrient concentrations.   
2.2.2 Riparian Zones 
Riparian zones are areas on the sides of ditches that extend outward away from the 
ditch and act as a buffer zone between terrestrial and aquatic ecosystems (Gregory et al., 
1991).  The structure of riparian zones and their size can help to determine their 
effectiveness in removal of contaminants in the waters that flow through them (Gregory, 
et al., 1991).  Riparian zones can be managed to remove excessive nutrients from the 
water column.  Methods have been developed to treat drainage water with possible 
phosphorus sorbing materials such as gypsum, quick lime, alum, ferric sulfate along with 
many others (Penn et al., 2007).  Possible methods for treatment include broadcasting a 
sorptive material, flow dosing and installing flow-through structures in the riparian zone 
(Penn, et al., 2007). 
Another water quality improvement option is to manage the drainage ditch itself by 
implementing water quality improvement measures by altering the ditch morphology and 
hydrology.  Possible options for this include ditch dredging, water-control structures to 
change the water depth throughout a ditch or possibly creating natural benches that 
contain established vegetation specific for uptake and removal of nutrients (Needelman et 







Ditch management can affect both biotic and abiotic processes; it can result in an 
increase or decrease of nutrient transport downstream.  In a study by Moore et al., (2010) 
two drainage ditches from agriculture cropland were  examined for different management 
practices, vegetated and non-vegetated, and their effects on nutrient transport down the 
Mississippi Delta.  The study found that the non-vegetated ditch mitigated inorganic 
phosphorus load percentages by 74% while the vegetated ditch mitigated only 36%.
2.3 Nutrient Dynamics in Streams and Ditches  
2.3.1 Introduction to Nutrient Transport 
Solute dynamics can be characterized as the spatial and temporal patterns of chemical 
or nutrient transport and transfer of dissolved nutrients in water that passes through areas 
such as agriculture drainage ditches (Stream Solute Workshop, 1990).  At its very basics, 
chemical transport can be described using the advection dispersion equation (Bencala & 
Walters, 1983; Newbold et al., 1983):  
  
  
    
  
  
   
   
   
                        
Where C is solute concentration, t is time, x is distance, u is water velocity (calculated as 
discharge, Q, divided by cross-sectional area, A) and D is the dispersion coefficient.  For 
a fixed point in a stream, the change in concentration with time depends on water velocity 
as it relates to the change in concentration with distance coupled with the influence of 
dispersion of the nutrient.  If streams were pipes with no ecosystems and no hydrology 
effects this basic equation may be sufficient, but in a natural stream there are biological 






into the calculation of chemical transport (Bencala et al. , 2011; Stream Solute Workshop, 
1990).  These factors are represented in equation 2.2: 
  
  










   
  
  
    
  
 
                                         
where ql is lateral inflow or outflow, Cl is the solute concentration of the lateral flow 
terms, Cs is the solute concentration of the transient storage zones,   is the coefficient for 
storage exchange zones,   is the concentration of the biological retention term and   is the 
concentration of the biological release term.  This equation is a one-dimensional transient 
storage solute transport model (Bencala, et al., 2011).  The equation models the 
relationship between advection and dispersion in relation to hydrologic terms that affect 
chemical transport.  The hydrologic term can either be a lateral inflow of water from 
ground water that is adding solutes to the stream bed or can be a negative term in which 
water in the ditch is actually draining and leaving the stream.  The biological terms are 
established to incorporate the reality of uptake and release by biota in a natural stream.   
2.3.2 Transient Storage/Hyporheic Zones 
Storage zones exist in streams that can slow the process of chemical transport 
downstream; these zones are separated into two categories, but are very similar in 
function.  Zones of exchange with the streambed, stream banks and interactions with flow 
to and from the sediments can be classified as the hyporheic zone or hyporheic exchange 
(Lautz & Siegel, 2007; Runkel, 2002; Stream Solute Workshop, 1990).  Transient storage 
zones can be classified as areas where water slows down and stays in stagnant waters for 






Quantifying transient storage is a difficult task and has been researched primarily 
through modeling by using models such as the OTIS model (one-dimensional transport 
with inflow and storage)  and STAMMT-L,(Gooseff et al. , 2003) but can also be studied 
by using a conservative tracer, such as a salt, to interpret transient storage (Bencala, et al., 
2011; Gooseff et al., 2011; Harvey et al., 1996;).  In a study by Gooseff, et al., (2011) a 
whole stream trace study was conducted in which NaCl (sodium chloride) was injected 
into the stream reach while tracer data was collected in the thalweg and transient storage 
zones.  Total residence times for the transient storage zones were found to range from 4.5 
to 7.5 hours, indicating the possibility for increased uptake areas in transient storage 
zones.   
In another tracer study, NO3
-
 (nitrate) and Li
+
 were used to study hyporheic flow 
with heterogeneous hydraulic media as a response to the hydraulic gradient created 
during a rainfall event (Botter et al., 2008).  Results from the experiment and modeling 
suggest the behavior in the storm hydrograph breakthrough curves in streams or ditches 
may influence the amounts of solutes exported through the subsurface into the stream 
reach (Botter, et al., 2008).  The next section will describe a few modeling concepts to 
solve problems in chemical transport.
2.4 Nutrient Spiraling 
The term “nutrient spiraling” can be used to describe the collection of processes 
associated with cycling and downstream transport of nutrients (Newbold, et al., 1983). 
Uptake length Sw is one term of interest when studying nutrient dynamics in streams and 
can be described as the distance traveled by a molecule in dissolved form before it returns 






Nutrient transport can be studied in a few different ways.  Research can be done by 
using a stream reach that may stretch from several hundred meters to kilometers or flume 
studies that can be controlled experiments in a laboratory setting with some kind of 
simulation relating to a real ditch scenario.  Within each of these categories, there is even 
more variety of types of studies that can be used to research chemical transport.  
Instantaneous injections can be performed in which a nutrient is injected into the stream 
reach for a fixed period of time at a specific rate that is typically on a short time scale 
(Gooseff et al., 2008).  Experiments can also be done as a constant rate injection in which 
the nutrient in question is released into the study area at a constant rate until equilibrium 
is reached, where the ditch water is the same concentration as the injection solution (Payn 
et al., 2008).
2.5 Modeling 
(Bencala & Walters, 1983) developed a transient storage model to fit field scale 
parameters into a one-dimensional transport storage equation with first order uptake 
kinetics. (Refer to Equation 2.2)  Deng & Jung, (2009) used the VART model (variable 
residence time) to simulate solute transport in streams.  The variable residence time is 
portion of the model is used to simulate the transient storage zones in their varying time 
of uptake and release.   
Other models have been developed for researching phosphorus dynamics in ditch 
sediments by incorporating sediment-water interface interaction such as diffusion, 
transport, sorption and decomposition (Wang et al., 2003a, 2003b).  Although, there are 
many models for researching chemical transport, the most realistic is the one-dimensional 






This transport model is not perfect, but it does incorporate factors such as hydraulic 
inflow and outflow terms that need to be addressed to further the research on nutrient 
transport in agriculture drainage ditches.
2.6 Flume Research 
Recirculating flumes are commonly used to study chemical transport and 
advantages and disadvantages to the various types will be discussed.  Barlow et al. (2004) 
conducted a study investigating phosphorus interactions with bed sediments using a 
recirculating flume and focused on the impact of water velocity and depth on phosphorus 
uptake by streambed sediments.  The flume used in this study was packed with soil to a 
bulk density of 1.5 g/cm
3
 and had an adjustable flap at the end to raise or lower the water 
depth.  The flume was equipped with a variable rate flow pump that allowed for various 
surface water velocities.  There was not subsurface drainage and the flume recirculated 
750 L of solution for various times up to 46 hours.  Soil cores were also taken during this 
study for a separate experiment.  The soil cores were placed in the same solution as the 
flume sediments, but with a lesser volume and were oscillated for 46 hours.  The 
experiments were performed to determine if there were any differences in uptake in a 
recirculating flume compared to a smaller core sample sitting in the same solution.  The 
results showed no significant difference in phosphorus uptake between the recirculating 
flume and the soil cores.  
Nome et al., (2010) conducted an experiment looking at the sorption kinetics 
methylene blue, or MB, using sand packs and a recirculating flume.  The recirculating 
flume was designed to flow over the sand packs at one depth.   Water recirculates back to 






The flume was designed with a sealed bottom to ensure no vertical flow.  The results 
from this study showed that sorption of MB was slowed in field experiments due to a film 
that is created on the sediment surfaces and if flow was going into a large body of water 
in a closed system, the contaminant could stay in the water column for long periods of 
time with little interaction with the sediment bed.   
At the St. Anthony Falls Laboratory a comparison between morphological and 
biological control of exchange with transient storage zones was conducted in a field scale 
flume measuring 84 meters long (Orr et al., 2009).  Experiments were conducted under 
light and dark conditions to see the biological effects on phosphorus uptake.  The results 
show phosphorus uptake having a tendency to change with total volume of sediment- 
water interaction when periphyton abundance was low during the dark experiments.  On 
the contrary, during light conditions, Orr, et al., (2009) found that periphyton took up 
most of the pore space and minimized exchange with the hyporheic zone; therefore, 
nutrient uptake was dominated by benthic processes.    
 In another flume study by Snyder (2005) infiltration rates were studied to 
determine their effects chemical transport in over land flow (Snyder, 2005).  The 
experiments compared several infiltration rates during simulated rain events and results 
showed that the mass of dye removed from overland flow had a positive relationship for 
slope and a negative relationship for infiltration (Snyder, 2005).  The flume design was 
intriguing as it controlled infiltration rates by raising or lowering the water table tube at 
the bottom of the flume which changed the water head in the system.  Although it was not 
used for studying chemical transport in a stream, this flume design was a step in the right 






A common reoccurrence in the studies represented in this literature review is the lack 
of subsurface hydrology control.  Only one of the studies using flumes for research had 
some sort of subsurface hydrology control.  Hydrologic conditions play a big role in the 
transport of nutrients in streams and are represented in models used to describe these 
processes.  The lack of research focusing specifically on the affects of hydrologic 
conditions on chemical transport is imperative to understanding the whole picture and be 
able to introduce conservative actions to prevent or treat the water quality issues caused 













CHAPTER 3.  METHODS 
3.1 Overview 
The nutrient transport simulations were performed using a 20 meter flume to 
quantify the effects of subsurface hydrology on chemical transport as it relates to 
agricultural water quality.  Ditch sediment from Marshall Ditch at Purdue University’s 
Agronomy Center for Research and Education (ACRE) was used as the stream bed 
sediment for three hydrology treatments: seepage, drainage and saturation.  Nutrient 
injections of potassium phosphate (KH2PO4) and sodium bromide (NaBr) were used to 
quantify chemical transport during the selected hydrology conditions.  Water quality 
samples were taken during each experiment and analyzed for bromide and phosphorus 
concentrations.  Sediment samples were also collected before the beginning and at the 
end of the study to determine the nutrient uptake ability and availability of the ditch 
sediments. 
3.2  Flume Design 
Due to the fact that this experiment was a laboratory based stream simulation, an 
indoor stream simulator needed to be designed for use in limited space and have the 







The flume design criteria included: full control of surface hydrology (flow depth and 
flow velocity), full control of subsurface hydrology, minimal sediment movement (only 
chemical movement was studied), and ability to sample with distance and time.  Figure 
3.1 shows a linear schematic of the flume.  Figure 3.2 shows the actual design. 
 
 
Figure 3.1 Linear Flume Design 
Shown here is a linear schematic of the flume if it were built in one long, 20 meter 
section.  The drop down tube moves the water from the end of Rill #2 to the beginning of 
Rill #3.  The transitional zones are short turn around areas that are filled with ditch 










Figure 3.2 Actual Flume Design 
Pictured above is the 20 meter flume separated into 4 five meter sections.  The flow goes 
in at Rill #1 and travels through Rill #2 where it drops down to the lower set of PVC 
tubing.  The flow then moves down Rill #3 and makes a right hand turn and comes back 
Rill #4 to the output. 
 
The flume was built in four, five meter sections that travel back and forth with a 
3.81 cm grade between sections.  This design allows the distance of 20 meters to be fit 
into a 5 meter space.  The stream simulation rills of the flume are made of 6 in (15.24 cm) 
diameter PVC piping.  Between sections 1 and 2 is an elbowed section that diverts the 
water traveling down the first rill, to rill section number 2.  Between sections 3 and 4 is 










The elbowed turns between these sections are necessary to the design and its ability to be 
used in such a small space.  Also, these elbowed turns do not have subsurface hydrology 
control and are considered a saturated zone at all times.  Each rill section is slightly 
longer than five meters, but within each rill section is a five meter length that is 
controlled for hydrology.  Before and after each section, there is a calming chamber 
which slows the incoming water so it calmly travels over the control section without 
causing sediment transport, which was unwanted in this particular study.  Figure 3.3 
shows a close up of the calming chambers.  The calming chambers are divided with 7.5 
cm aluminum baffle plates that control the height of the water flowing across the control 
zone.  Each baffle has the ability to be adjusted to control the depth of the water flowing 
across each section.  One of the calming chamber baffle plates also backs up against the 
control section at each end.  This baffle plate controls the sediment depth in the control 
section and also stops interflow between each separate rill, eliminating contamination 








Figure 3.3 Baffle Plates 
Shown is an aluminum baffle plate that slows water coming into each rill section to 
reduce the amount of sediment transport and to control flow depth. 
 
Figure 3.4 shows the subsurface hydrology control system designed to control the 
water table position of the 20 meter flume.  The four smaller PVC tubes shown in Figure 
3.4 are 2 inch (5.08 cm) PVC water table control tubes.  The water table control tubes are 
individually adjustable to match the grade of the control section rills.  By adjusting each 
water table tube individually a precise seepage rate can be achieved (the rate at which 
water flows through the subsurface stream bed sediments to the surface and travels 
downstream, increasing the discharge) or drainage rate (rate at which water drains out of 







On the bottom of each control section are 19 ports for access to the channel below the 
sediment by either forcing water in through the substrate to create a “seeping stream”, 
also known as a gaining stream, or letting water flow out of the substrate by gravity 
which would be considered drainage or a losing stream.  The ability to control the 
subsurface hydrology in this system is extremely important when looking at chemical 
transport.  It is important to control the rate of subsurface fluxes caused by changes in 
subsurface hydraulic gradient in order to interpret the results correctly.  During the run 
when seepage is taking place, all 19 ports are connected to the water table and are set to 
the desired seepage rate.  Since each rill is individually controllable, each section can be 
set to approximately the same seepage rate, which allows for proper calculation of mass 
flux of the chemical in question.  During drainage conditions, the water table lines are 








Figure 3.4 Water Table Control Tubes 
Shown are four orange arrows are pointing to the four water table control tubes that 
control the subsurface hydrology of each individual rill section.  The water table control 
tubes can be adjusted up or down to control how much water goes into the subsurface. 
 
Figure 3.5 shows a close up of the drainage line design.  For each control section 
two sets of drainage lines are connected, separating the control section into two 2.5 meter 
sections.  Drainage water is pooled from five different ports in each of these subsections 
and collected at one point on each of the drainage lines.  Therefore, every other port is 
plugged to ensure water only leaves the system through the drainage lines. Collecting in 
this manner allows for a good representation of the 5 meter control sections’ subsurface 






By dividing each control section into an upstream and downstream location to collect 
subsurface water, and differences within each control section can be identified.  
 
Figure 3.5 Drainage Lines 
 
Figure 3.5 Shown are the drainage lines that are connected to the ports on the bottom of 
each control rill section.  The control tube is divided into two sections, and upstream 
section and a downstream section.  Within these two sections, five ports area pooled 
together into one outlet.  This gives the ability to sample leachate from a larger area and 
get the best representation as possible. 
 
3.3 Water Quality Monitoring System 
3.3.1 Overview 
Since this study is on such a small scale compared to a real world ditch or stream, 






Water quality samplers were designed and engineered to fit this need not only in size, but 
in the correct volume of water needed for the study.           
Four automatic water quality samplers were developed to deliver ~60mL of sample and 
accommodate 20 samples per tray. 
3.3.2 Automatic Water Quality Samplers 
Teledyne ISCO (Teledyne ISCO Lincoln, Nebraska) makes an automatic water 
quality sampler that is programmable and uses a 300mL sample bottle.  For the purpose 
of this study, 300mL is too large of a volume for the scale of experiment.  Also, ISCO 
samplers are rather bulky and difficult to remove samples when needed.  ISCO water 
quality samplers also come at a high price tag which was not economically sound for the 
experimental budget.  The sampling design calls for four water quality samplers, 
therefore, a cost effective sampler was another attribute desired for this study.  It was 
established that a specific water quality sampler needed to be made to meet four specific 
criteria; 1) cost effective, 2) reasonable size and shape that allows for real time sample 
removal and replacement, 3) the ability to dispense small volumes of water, 4) automatic 
programming features that allow sample collection with minimal intervention.  Figure 3.6 
shows the water quality sampler that was developed to fit the needs of the experiment.  
The samplers have a carousel tray that fits twenty, 60 mL bottles.  The tray moves with a 
simple stepper motor connected to a timing circuit, programmed to move on a certain 
time scale.  The positioning of the sample bottle is controlled by a photoelectric sensor 
which senses the notch corresponding to each sample bottle on the carrousel.  A 3-way 









Figure 3.6 Automatic Water Quality Sampler 
Figure 3.6 Shown is one of four water quality samplers built to accommodate the needs 
of the experiment.  The gray tray fits 20 bottles and is moves by means of computer 
programming. 
 
A small pump is connected to the 3-way valve that is constantly pumping, allowing for 
real time sample collection without the possibility for “dead water” (water from previous 
time step that has been left behind and could contaminate the following sample).  The 
sampler has an open concept design which allows for removal of samples during an 
experiment.  This is important because it allows the experiment to have a longer runtime 







3.3.3 Sampling Scheme 
The four automatic water quality samplers were placed directly after each of the 
four control sections.  The specific locations are important because the goal is to collect 
water quality data as soon as possible after the water has interacted with the sediments 
through each control section.  This study had five treatments: two seepage, two drainage 
and one saturation.  For each of the seepage and drainage treatments two replicates at 
each of two different seepage rates and drainage rates were performed.  The saturation 
treatment only had two replicates total because both seepage and drainage are zero.  All 
upstream inflow rates for the entire study were fixed at 6 L/min.  During the seepage 
treatment, subsurface water was added to the ditch simulator, increasing the discharge.    
During the drainage treatments, surface water was gradually lost, decreasing discharge.  
To account for timing fluctuations caused by the increase or decrease of discharge, 
different starting times and different numbers of samples were taken for each individual 
sampler.   
To determine the timing of a nutrient injection, a tracer study was performed by 
injecting a solution of 1000 mg L
-1
 sodium bromide and tracking its movement through 
the 20 meter flume system with five electrical conductivity meters.  The conductivity 
meters were placed next to the automated water sampling tube to measure the 
conductivity of the water at the time the sample is taken.  Each meter was set up to log 
real time conductivity data every 5 seconds.  This data was used to see the NaBr plume as 
it traveled past each sampler location.  The tracer study was repeated for each of the 3 
treatments to determine the behavior of the nutrient plume in terms of timing for each 






the plume to move through the system under seepage and saturation conditions.  For the 
drainage conditions, it was determined that the surface water moved through the system 
in roughly 40 min, but that it takes around 80 minutes for the plume to work through the 
substrate and come out in the drainage water.  Therefore, several more samples were 
taken during the drainage treatment than for seepage or saturation.  During each 
experiment in all treatments, sampler number one took 20 samples, one sample every 
minute, starting at time zero.  Sampler numbers 2 & 3 started taking samples at the 3 
minute mark and sampler number 4 started sampling at the 5 minute mark.  Samplers 2-4 
had a delayed start time, which was determined by the tracer study, due to the time it 
takes for the nutrient plume to reach each sampler location.  The goal was to collect 
samples slightly before the plume arrived, during the plume and after the plume has 
passed through to get a complete representation of the water quality before and after the 
nutrient plume of phosphorus and bromide moved through the system. 
3.4 Nutrient Injection Procedures 
The nutrient injections were performed by adding a solution mixture of sodium 
bromide (NaBr) and potassium phosphate (KH2PO4) to the input of the 20 meter flume 
and tracking its’ movement through each control section for three different hydrology 
conditions: seepage, drainage and saturation.  NaBr was chosen as the conservative tracer 
because it does not react with the stream sediments and was readily available in the 
laboratory facility.  Nutrient addition studies typically have a conservative tracer to prove 
there is adsorption of the specified nutrient into the sediments (Harvey, et al., 
1996;Bencala & Walters, 1983).  The goal of the nutrient injections is to see differences 






The nutrient plume was not only tracked by the use of water quality samplers, sampling 
with time and distance, but electrical conductivity meters were also used to track the 
nutrient plume though the NaBr
-
 tracer.   
 At the beginning of each experiment, 200mL of a 500 mg L
-1 
P (as KH2PO4)and 
1000 mg L
-1
 Br (as NaBr) was injected into the input of rill number 1 exactly one minute 
after  sampler 1 had been started.  Hence, the total mass of injection was 100 mg P and 
200 mg Br.  The injection happened one minute into the experiment simply to allow 
enough time to walk to the injection location and add the solution.  The nutrient addition 
concentrations were determined by the capability of the analytical equipment.  For 
instance, bromide analysis was performed on the Lachat Quick Chem 8500 Series 2 
(Lachat Instruments, Loveland, Colorado) and it was determined, through dilutions of the 
injection solution, that the measurable concentration to be added to the flume was 1000 
mg L
-1
.  Water samples were taken at four locations with an automatic water quality 
sampler at one minute intervals.  Also, during the drainage treatment, drain leachate 
samples were taken by hand at two 2.5 m subsections on each rill.  All water quality 
samples were taken and stored at 4
o
 C until processing. 
3.5 Experimental Procedures 
In this section a detailed account of the experimental procedures will be discussed.  
The procedures can be broken into three categories, pre-experiment, during experiment 
and post-experiment. 
3.5.1 Before the Experiment Begins 
Before the beginning of each experiment the input flow water, which for all 






Once the flow rate was calibrated, all five E.C. meters were checked for correct timing, 
that the SD data storage card was in place and that the meter was recording E.C. data.  
The flume was flushed with clean deionized water for anywhere from 30 minutes to 1 
hour to allow for the conductivity of the stagnant water previously in the flume to 
equilibrate.  Total discharge was also measured before the start of each experiment.  The 
discharge for each treatment was different and therefore needs to be recorded for total 
mass calculations post-experiment.  During the seepage conditions, each rill was set to 
the desired seepage rate for the treatment.  For example, if the treatment was seepage at 
440mL/min, each rill is calibrated to seep at a rate of 440mL/min.  For a drainage 
experiment, the drainage lines were calibrated to drain as much water as the seepage 
treatment seeped.  The goal here was to match the seepage rates and drainage rates from 
each treatment, i.e. if the first seepage treatment seeped at a rate of 440mL/min per rill, 
then the drainage treatment needed to drain at a rate of 440mL/min per rill.  Since the 
saturation treatment was neither gaining nor losing water, the total discharge should equal 
the 6 L/min flow rate set by the input pump.  All flow rates for each experiment were 
checked prier to each experiment for accuracy and the total discharge was measured at 
the beginning, middle and end of each experiment and averaged for the treatment.  
Discharge measurements were collected by sampling water for one min and weighing 
how many liters was collected.   
Once flow rates, seepage rates and drainage rates were set to their respective 
numbers, all electronics were turned on and set to their proper locations.  The electronics 
for this experiment include: the stepper motor power, the sample pump power and the 






sampler trays were moved to start at location one, so the first sample will deposit into the 
correct bottle.  All sample bottles were placed into the trays in their respective locations 
with the bottle caps removed.  A double check of the electronics and all power sources 
was preformed to ensure all power was supplied and all pumps were on and pumping 
water. 
Lastly, before the experiment begins, the injection solution was poured into a 
graduated cylinder to a volume of 200 mL and the initial conductivity readings were 
manually recorded.  The first discharge measurement was taken at this time as well. The 
initial E.C. readings were used to factor in the background conductivity without the 
presence of the injected solutes. 
3.5.2 During the Experiment 
The procedures during the experiment are critical to data quality control.  After 
the check list has been finished, the experiment can begin.  The program was started on 
the minute of a clock and exactly one minute later, the injection solution was added.  
During the minute from when the start button is pushed and the injection solution is 
added, a laboratory technician records the time of the E.C. meter for the first and second 
sample.  The reason for this is that although the computer signals the samplers to sample 
at time zero, in reality the sampler moves in a sequential 1, 2, 3, 4 manner.  That is, the 
sampler must move sampler number 1 then number 2 and so on before it takes a sample.  
Therefore, the actual time of sample is staggered throughout the entire experiment.  The 
first sample is taken around 10 seconds into the experiment and the second is taken 1 






By the third sample the sampler has correct itself to the time and every sample from there 
on out is exactly one minute apart, but still staggered.  Hence, the need to record the 
timing of the first and second samples on sampler number one. 
While the experiment is running, samples need to be capped, removed and 
replaced with fresh bottles.  This is an easy task that can be done every few minutes.  In 
between changing out samples, the discharge needs to be taken half way through the 
experiment and at the end.  In the drainage treatment, the discharge needs to be taken four 
times since the total run time is ~75 minutes, which is approximately twice as long as the 
other treatments.  During drainage experiments four people helped to collect the drain 
leachate samples.  It is important to keep a watch on the sample boxes and make sure 
everyone is sampling the correct bottle at the correct time, another quality control 
measure that needs attention. 
3.5.3 Post-Experimental Procedures 
Once the experiment has run its course and all samples have been collected, the 
final discharge measurement is taken, as well as final conductivity readings.  Shut off 
input flow water and shut off computer programming.  The SD data cards can be 
collected and stored in a safe place until data analysis can be done.  All samples taken are 
immediately syringe filtered through a 0.45µm nylon filter and acidified with 50% 
sulfuric acid, after the bromide sample has been poured. All filtered samples are stored in 
a refrigerator at 4
o







3.6 Water Quality Analysis 
Once the water quality samples were taken, they were immediately filtered with a 
60mL syringe through a 0.45 µm nylon membrane filter into a 20mL plastic Nalgene 
bottle.  The remaining sample was placed into a freezer for total phosphorus analysis. The 
filtered samples were analyzed for bromide and phosphorus.  Bromide was analyzed on 
the Lachat Quick Chem 8500 Series 2 (Lachat Instruments, Loveland, Colorado).  
Acidified water samples were analyzed on the ICP Optical Emission Spectrometer 
Optima 8300 (PerkinElmer, Waltham, Massachusetts) for soluble elemental phosphorus.  
It should be noted that the Lachat has the ability to analyze ortho-phosphate, also known 
as DRP, however, it was discovered that the 50% sulfuric acid used to acidify the 
phosphorus samples caused a reaction and change in pH on the bromide color reagent 
that deemed the bromide analysis non-reliable.  Therefore, the samples were run 
separately, bromide before acidification and phosphorus after acidification.   Nitric acid 
digestions were performed on the remaining portion of water from each sample.  Once 
digested, the samples were analyzed on the ICP for total phosphorus. 
3.7 Sediment Analysis 
Dry sediment samples were taken from each rill and Mehlich III extractions were 
performed to determine the total extractable P from the sediments.  Samples were then 
analyzed on the ICP for total extractable P.  In addition to the dry sediment samples, wet 
sediment samples were also taken before the first experiment and after the last 







Phosphorus adsorption isotherms were performed on the wet sediment by 
combining 25 g of wet sediment with 100 mL of desired P concentration solution (0, 2.5, 
20, 50 mg L
-1
) and placing it in a 250 mL centrifugal bottle and shaking for a specified 
time.  For this study the 0 mg L
-1
 was shaken for 3 different time intervals, 10 minutes, 1 
hour and 2 hours.  The remaining concentration solutions were only shaken for 1 hour 
each.  After samples have shaken for the correct amount of time, they were centrifuged 
and filtered though a 0.45µm filter.  Sediment left in the centrifuge bottle was washed out 
into an aluminum pan and dried to get the dry mass.  Adsorption isotherms are conducted 
to determine the maximum amount of nutrient the sediments can absorb. 
3.8 Data Analysis 
Two types of data needed to be analyzed for this study, electrical conductivity 
data associated with the five conductivity meters and water quality data read as 
concentration values at specific time series.  Since the conductivity meters had 
background interference, which is most likely caused by the natural conductivity of the 
sediments, all the conductivity data were adjusted for a zero baseline.  Each rill had a 
different background conductivity which progressed linearly with distance.  This 
observation is caused by the addition of each rill’s conductivity being transported 
downstream to the next measurement site.  For example, if Rill #1 had a background 
conductivity of 1.0µs and Rill #2 was reading a background conductivity of 3.0µs then an 
assumption can be made that the 1.0µs for Rill #1 is contributing to the conductivity in 
Rill #2.  To correct the data for each rill section, background concentrations were 






Doing this brought the beginning conductivity readings to a baseline of zero making it 
easier to see how NaBr and KH2PO4 disperses through advection and dispersion from one 
meter to the next. An example of what was described above can be seen in Figure 3.7.  
The adjusted conductivity graphs will be used to plot sample concentrations of P with 
time against the conductivity readings to see if they follow the same trends. 
 
 
Figure 3.7 E.C. Reading Graph 
 
Figure 3.7 Shown is the difference in baseline E.C. readings before and after the 


























Seepage E.C. Readings (including baseline) 
Seep E.C. #1  
Seep E.C. #2 
Seep E.C. #3 
Seep E.C. #4 




























Seepage E.C. Readings  
Seep Run 1 E.C. #1 
Seep Run 1 E.C. #2 
Seep Run 1 E.C. #3 
Seep Run 1 E.C. #4 






Sample concentration data of bromide and phosphorus were collected from laboratory 
analysis and analyzed in Microsoft Excel (Microsoft Corporation, USA).  Mass flux 
calculations were performed by using the following equation: 
Lj =Ci * qi         Equation 3.2 
Where Lj is the mass flux or load at location, i in mg/min, Ci is the sample concentration 
in mg/L and qi is the flow rate at the specific location in L/min.  During the seepage 
condition, water is being added to the system through subsurface flow paths.  In this case, 
each rill will have a higher flow rate than the one before it.  Under drainage conditions, 
water will be leaving each rill at a certain rate; therefore the mass flux will be calculated 
to factor in the decrease in flow rate.   
For each treatment, total mass of phosphorus and bromide for each sample was 
also calculated using the mass flux data that was collected.  Each sample was taken on a 
one minute interval, which made calculation of total mass simple.  Therefore, the mass 
for each sample was simply the mass flux at each point in time multiplied by the time 
interval.  This just equals the cumulative mass flux in mg.  For example, if the mass flux 
of phosphorus was 40 mg/min, the mass of phosphorus in that particular sample would be 
40 mg/min X 1 min= 40mg. 
In addition to knowing the mass flux and total mass of chemicals flowing through 
the system and their distribution with time and space, a ratio between Br and P was also 
calculated.  If P and Br behaved the same in an aquatic system such as an agriculture 
drainage ditch, then the ratio between the two would never change.  The injection 






Therefore, at all times in each sample there should be a 2:1 ratio, if these two chemicals 
behaved the same.  To determine the ratio between Br and P the following equation was 
used: 
CBr /CP          Equation 3.3 
Where CBr is the concentration of bromide (mg/L) and Cp is the concentration of 
phosphorus (mg/L).  A change in this ratio throughout the samples implies that the 
sediment bed is either taking up phosphorus or releasing phosphorus, causing the ratio to 
fluctuate well below the 2:1 ratio throughout time 
3.9 Statistics 
Analysis of variance tests (ANOVA) were performed using SAS Statistical 
Programming ("SAS Institute Inc.," 2011).  Four ANOVA tests were performed to 
determine the significance of treatment on phosphorus and bromide mass in both surface 
water and drain leachate at a significance level of 5%.  Once the interactions were 
determined, a least significant difference test was performed on each ANOVA test to 
determine which specific interactions between treatments were significantly different 
from each other.  The interactions were viewed as the differences in distance within 
treatment and as treatments within each of the four distances (5, 10, 15 and 20 meters).  







CHAPTER 4. RESULTS AND DISCUSSION 
4.1 Sediment Analysis 
Bray-P 1 was performed on the dried, sieved ditch sediment before any 
experiments were carried out by A & L Laboratories (A & L Great Lakes Laboratories, 
INC.)  The test indicated concentrations of phosphorus at 31 mg/L-P which is considered 
by the Tri-State fertilizer recommendations to be a HIGH concentration in terms of plant 
needs.  Although the sediment was taken from multiple locations along the ditch reach, it 
is important to note that the sediment was dried, sieved and homogenized to achieve a 
uniform sediment bed before being place into the flume.  Other sediment test results 
include high levels of calcium at 2650 ppm, very high levels of sulfur, zinc, manganese 
and iron as well as low levels of potassium at 76 ppm.  A table of the results can be seen 
in Appendix A. 
4.2 Phosphorus Dynamics with Applied Drainage Flux 
4.2.1 Surface Water Interactions 
Two drainage fluxes were applied to the 20 meter flume system, a flux of 440 
ml/min and 880 mL/min.  Figure 4.1 shows the mass flux of phosphorus in the surface 
water for the 440 mL/min treatment, in mg/min, through each sampling location 1-4 and 
Figure 4.2 shows the same results for the 880mL/min treatment.  Each graph is a 






As seen in the graphs, the replicates from each of the two drainage treatments are very 
similar, indicating the results are reproducible, allowing for good data analysis and 
interpretation.   
 
 
Figure 4.1 Mass Flux P with Drainage at 440 mL/min 
Figure 4.1 shows the mass flux phosphorus with drainage at 440 mL/min in surface water 
as the nutrient plume travels down the simulated stream reach through sampler locations 
1-4.  The time to peak for the 4th sampler which is the outlet of the system is around 18 





































Figure 4.2 Mass Flux P with Drainage at 880 mL/min 
 
Figure 4.2 shows the mass flux phosphorus with drainage at 880 mL/min as the nutrient 
plume moves through each sampling location 1-4.  Important to note the delayed time to 
peak of the 4
th
 curve at roughly the 20 minute mark as well as the difference in mass flux 
for that location when compared to Figure 1 mass flux at the same location. 
 
The time to peak for each sampler location varies between treatments.  On both 
treatments, the time to peak for sampler one and two are relatively close, but the mass 
flux in the higher drainage rate, 880mL/min, is starting to decrease by sampler number 
two even though the two treatments are reaching peak mass flux at the same time.  By 
sampler location number three, there is even more variation in time to peak as well as 
peak concentrations between the drainage treatments.  The peak mass flux of the 440 
mL/min drainage treatment at sampler location three is around 12 mg/min at a peak time 
of around 13 minutes.  The peak mass flux of the drainage treatment at 880 mL/min at the 

































By sampler location number four; there is a large difference in time to peak between the 
two drainage treatments as well as a difference in peak mass flux.   
Time to peak for sampler number four in the high drainage treatment is around 20 
minutes where as the time to peak in the lower drainage treatment is around 17 minutes.  
The trend persists for the mass flux as well.  The final mass flux for sampler location four 
in the high drainage treatment is 5 mg/min where as the final mass flux peak for the 
lower drainage rate is at 10 mg/min.  Drainage slows down the nutrient injection plume 
as it travels the length of the stream reach because the overall discharge of the water 
traveling through the simulated stream decreases with distance, resulting in a lower 
velocity at the outlet.  In both treatments, the hydraulic gradient created is pulling 
phosphorus out of the water column and into the sediments and ultimately into 
groundwater flow paths.  This is shown by the decrease in cumulative mass flux between 
sampler locations.  The difference in mass flux between drainage treatments can be 
attributed to simply doubling the drainage flux applied to the system, with a higher 
hydraulic flux applied, the more phosphorus is pulled into the sediments. 
The same patterns can be more easily viewed by focusing on the total mass 
passing through each sampler location.  Bromide and phosphorus were added to the input 
of the flume system in the form of a liquid solution of 1000 mg/L Br
-
 (as NaBr) and 500 
mg/L P (as KH2PO4).  200 mL of this injection solution was added during each treatment 
for a total of 200 mg bromide added and 100 mg of phosphorus per treatment.  Figure 4.3 
and Figure 4.4 show the results of total mass phosphorus at each sampler location with 






Figure 4.3 shows the slight declining trend in mass as the nutrient plume traveled the 20 
meter length of the flume for the 440 mL/min treatment.  At sampler location 1, which is 
5 meters downstream from the injection input, the total mass is already decreased to 90 
mg, giving the indication that 10 mg of the 100 mg added has been taken into the 
sediments by either the hydraulic flux or by diffusion.  Each sampler location shows a 
decrease in phosphorus total mass and by the outlet of the system at sampler location 
number four, the total mass passing through that point is below 70 mg.  This is indicating 
that of the 100 mg of phosphorus added, an average of 30 mg has entered the subsurface 
via subsurface hydraulic fluxes and diffusion. 
 
Figure 4.3 Total Mass P with Drainage at 440 mL/min 
 
Figure 4.3 shows the decline in total mass through each sampler location 1-4 during the 
drainage treatment at 440 mL/min.  The red and blue bars indicate replications within 
treatments.  100 mg of phosphorus was injected at the input of the system and due to the 
hydraulic gradient of 440 mL/min applied to each rill section; only around 70 mg 



























Figure 4.4 shows the same trends in total mass movement for the 880 mL/min treatment, 
but the effect is intensified by the increased drainage flux applied to each rill section.  By 
doubling the amount of water leaving the system, there is a much steeper decrease in total 
mass between sampler locations.  Once again, 100 mg of phosphorus was added at the 
input and by location one, which is 5 meter downstream of the injection point, total mass 
was reduced from 100 mg P to 80 mg P.  As shown by the two bar graphs, that is double 
the loss in the first 5 meters compared to the low drainage treatment.  By sampler 
location four, the total mass has dropped from 100 mg P to 40 mg P, which is a 60 mg 
loss to the subsurface sediments and subsurface flow paths.  In all cases, double the flux 
resulted in double the mass lost. 
 These two drainage fluxes were used to simulate a losing stream/ ditch reach.  
The significance to this is to quantify how much mass of phosphorus is removed from the 
water column when a hydraulic flux is applied.  The results show that the hydraulic flux 
associated with a losing stream reach can remove chemicals from the water column and it 
is dependent on the strength of the gradient applied.  There was a statistically significant 
difference in total phosphorus mass across three of the four distances measured.  Figure 
4.5 illustrates the treatment effect at each of the four distances.  The 5 meter location is 
the only distance where the effects of the two drainage treatments on total phosphorus 
mass are not significantly different as determined using the calculated least significant 
difference.  The findings suggest that an increase in hydraulic flux leads to an increase in 











Figure 4.4 Total Mass P with Drainage at 880 mL/min 
 
Figure 4.4 shows the decrease in total mass from samplers 1-4 when a hydraulic gradient 
of 880 mL/min was applied to each rill section.  100 mg of phosphorus was injected at 






























Figure 4.5  LSD Test DH vs. DL Surface Water 
Figure 4.5 shows the results for the least significant difference analysis of surface water 
for both drainage treatments.  Interpret the graph vertically at each distance.  The 
overlapping of error bars indicates no significant difference and no overlapping indicates 
a significant difference in treatments at that particular distance. 
 
4.2.2 Drainage Leachate Interactions 
During each drainage treatment, drain water was collected as it filtered through 
the ditch sediment and was analyzed for elemental soluble phosphorus and bromide.  
Two subsamples were collected from each rill section on one minute intervals for the 
length of the experiment.  Each sample was analyzed separately, but the two subsamples 





























shows the mass flux of phosphorus at the low drainage rate of 440 mL/min of water 
leaving the system.   
The two replicates are shown and have similar patterns, particularly with respect to the 
time to peak.  The two replicates in Figure 4.6 have different initial concentrations due to 
the arrangement of the experimental design.  In this particular case, the two low drainage 
replicates were conducted one right after the other.  The problem with this is that it left 
some residual phosphorus in the system that was still present during the second replicate.  
Figure 4.7 shows the results of the high drainage rate of 880 mL/min leaving the system.  
When the drain water results are compared for the two treatments, high drainage vs. low 
drainage, the mass flux in the high drainage treatment is nearly double that of the low 
drainage treatment.  This is most easily seen and validated in the total mass loss graphs in 
Figure 4.8 and Table 4.1.  Table 4.1 shows the averaged total masses for each rill section 
between treatments and shows the total mass lost for each treatment.  As seen in the table, 
the low drainage treatment has a total loss of 27.7 mg compared to the 54.4 mg lost in the 
high drainage treatment.  The difference in total mass lost is due to the difference in 
hydraulic flux applied to each treatment.  It is notable that by doubling the drainage flux 
on the system, there was double the total mass phosphorus in the system.  Although twice 
as much phosphorus left the system in the drain leachate water, the difference due to 
treatment within each 5 meter control section was not statistically significant at the 5% 
level based on the least significant difference.  Figure 4.9 shows the results graphically.  
A least significant difference test was performed to determine if the means for each of the 
drainage treatments were significantly different from one another and the results showed 







Figure 4.6 Drain Leachate Mass Flux P at 440 mL/min 
 
Figure 4.6 shows two replicates of drain leachate mass flux of P at 440 mL/min.   
 
Figure 4.7 Drain Leachate Mass Flux P at 880 mL/min 
 
Figure 4.7 shows the result for two replicates at the high drainage rate of 880 mL/min.  























































Figure 4.8  Surface Water Total Mass P Between Drainage Treatments 
 
Figure 4.8 showing the differences in total mass between the two drainage treatments.  As 
seen above, the total mass of Phosphorus lost in the high drainage treatment (the bottom 
graph) is considerably more than in the low drainage treatment (top graph).  Focusing on 
Rill number 4, the low drainage treatment only loses an average of 6.8 mg total mass, 
where as the high drainage treatment loses an average of 13.1 mg between the two 
replicates.  
















































Figure 4.9  LSD Test DH vs. DL Leachate Water 
 
Figure 4.9 shows the statistical results for the LSD test of drain leachate for the high 
drainage treatment (DH) and the low drainage treatment (DL).  This test is looking at the 
two drainage treatments within the four distances.  The error bars are an indication of the 
least significant difference value surrounding each mean.  The overlapping of error bars 
signifies that those means are not significantly different from one another. 
 
Table 4.1 shows the averaged totals from each replicate for each rill in each of the 
drainage treatments.  Notice the total mass lost in the low drain treatment is 27.7 mg 
compared to the 54.4 mg lost in the high drainage treatment 
Low Drain Total Mass Phosphorus Lost (mg) 
Rill #1 Rill #2  Rill #3 Rill #4 
6.6 7.3 7.1 6.8 
27.7 
High Drain Total Mass Phosphorus Lost (mg) 
Rill #1 Rill #2 Rill #3 Rill #4 


































4.3 Phosphorus Dynamics with Seepage Interaction 
Two seepage treatments were used in this study; a high seepage rate of 880 mL/min 
and a low seepage rate of 440 mL/min.  The seepage treatments were used to simulate the 
effects of a gaining stream on downstream chemical transport.  Figure 4.10 depicts the 
differences between the two treatments in terms of mass flux of phosphorus.  The top 
graph shows two replicates with 880 mL/min of de-ionized water being pushed upward 
though the sediment bed by a hydraulic gradient.  After 5 meters, which is the first peak, 
the peak mass flux is around 40 mg/min.  By the 4
th
 peak, which is after 20 meters of 
sediment bed interaction, the maximum mass flux of phosphorus has dropped to 20 
mg/min with a peak time around 13 minutes.  The bottom graph in Figure 4.10 depicts 
the seepage treatment at 440 mL/min, which is half as much water being forced into the 
sediment bed than the previous treatment of 880 mL/min.  The initial mass flux of 
phosphorus after 5 meters is slightly higher than the 40 mg/min of the high seepage 
treatment.  As the plume moved downstream, the ending mass flux was around 20 
mg/min at the 20 meter location, which was the same as the high seepage treatment.  
What was different, however, was the time to peak of the 4
th
 curve.  In the high seepage 
treatment, the 4
th
 peak occurred at 13 minutes; whereas the low seepage treatment peaked 
at around 14.5 minutes.  The time to peak difference is a minute and a half and this can 
be attributed to the increased amount of water in the higher seepage treatment, 
contributing to an increase in overall discharge and velocity per rill.   
The uniformity of mass flux of phosphorus across all four rills is noticeable in 
Figure 4.10.  The water pushing through the subsurface could potentially be “flushing” 






In that case, a significant difference in total mass and mass flux of phosphorus between 
treatments is expected.  What is actually observed is the same mass flux, on a different 
time scale.  This can be attributed to the increased amount of interaction time in the low 
seepage treatment.  The low seepage treatment has less discharge, but also has an 
increased amount of interaction time with the sediment bed.  The high seepage treatment 
has a higher discharge, but has a decreased amount of interaction time with the sediment 
bed.  The flushing and interaction effects could be cancelling out in this situation.  
Another possibility is that there is no additional phosphorus left in the sediments; 


















Figure 4.10 Mass Flux P Between Seepage Treatments 
 
Figure 4.10 shows the similarities between the two seepage treatments (high seepage rate 
on top and low seepage rage on the bottom) and the difference in time to peak for each 












































The total mass of phosphorus collected at each sampler location in each of the 
seepage treatments is represented in Figure 4.11.  Just as in the drainage case, for each 
experiment, 200 mg of bromide and 100 mg of phosphorus were added to the beginning 
of the flume in a nutrient injection.  The purpose of calculating total mass at each location 
is to see how the mass is moving through the system as it interacts with the sediment bed 
with the influence of different hydrologic conditions.  For each of the seepage treatments, 
at each location, the total mass of phosphorus was over 100 mg, as seen in Figure 4.11.  
For each graph, the red and blue bars signify replications.   For the high seepage 
treatment; one replicate is much lower than the rest.  This is due to sampler program 
malfunction.  The sampling program stopped short of the desired collection timeframe 
and therefore samples were lost.  This is shown most vividly in the total mass bar graph 
of the 880 mL/min seepage treatment in Figure 4.11 where the total was just below 90 
mg.  If the experiment were to be conducted on its specified timeframe, the total mass 
phosphorus collected could have been over 100 mg.  The sampler locations that exhibit a 
mass of phosphorus over 100 mg indicate that there is an addition of phosphorus to the 
surface water that is not included in the nutrient injection.  The contributing amount, 
though it is minimal (less than 10 mg), indicates that the subsurface is adding measurable 
amounts of phosphorus to the surface water through a combination of surface water/ 
sediment interaction as well as contributions from the subsurface hydrology.  These 
results show that when a nutrient injection of phosphorus is added to the stream simulator 
under gaining stream conditions, the subsurface hydrology effects are causing an increase 








Figure 4.11 Total Mass P Between Seepage Treatments 
 
Figure 4.11 shows the effects of high (top graph) and low (bottom graph) seepage 
treatments on total mass movement of phosphorus when 100 mg of potassium phosphate 
are added in a nutrient injection.  Notice both replicates and treatments exhibit an 
addition of phosphorus, > 100 mg, indicating that the treatment effect of seepage is 
causing an increase in phosphorus loading from the subsurface.  
 
 When comparing the two seepage treatments using least significant difference, 












































However, there was a significant difference in total phosphorus mass observed at the 20 
meter location (Figure 4.12).  One possibility for the significant difference was the 
differences in discharge between the two treatments.  The high seepage treatment was 
contributing 880 mL/min per control section, causing time to peak fluctuations between 
treatments.  By the time the nutrient plume reached the 20 meter location, the peak had 
spread out through dispersion within the control section resulting in a significant 
difference in mass transport.  Another possibility for the difference at the 20 meter 
location was due to sampler malfunction in the first seepage replicate at 880 mL/min.  
The sampling equipment failed, resulting in a shortened experimental runtime.  Due to 
the shortened runtime several samples were not collect and not figured into the statistical 
analysis.  Although there was a significant difference between treatments, there was no 
significant difference within treatment across the 4 distances.  Figure 4.13 shows the high 
seepage and low seepage treatments with the error bars all within range across the four 







Figure 4.12  LSD Test SH vs. SL: Treatment within Distance 
Figure 4.12 shows the results of the LSD test of the two seepage treatments within each 5 
meter distance.  To interpret the graph, view in the vertical direction at each of the four 
distances.  If the error bars do not overlap; this indicates a significant difference between 



































Figure 4.13 LSD Test SH vs. SL: Distance within Treatment 
Figure 4.13 shows the statistical results comparing distance within treatment between the 
high seepage (SH) and low seepage (SL) treatments.  To interpret the graph, view in the 
horizontal direction across each of the four distances.  In both treatments, the error bars 
























































4.4 Phosphorus Dynamics with Saturation Interaction 
In addition to gaining stream and losing stream treatments, a saturation treatment 
was also established to simulate a stream with zero hydraulic flux.  The results are shown 
in Figure 4.14.  In terms of timing and mass flux of phosphorus, the saturation treatment 
falls in between the drainage and seepage treatments.  The peak mass flux at each 
location is higher than both drainage treatments and lower than the seepage treatments.  
The time to peak of the four curves also falls between the other treatments.  By the 4
th
 
peak the time to peak has reached around 16 minutes, which is sooner than the drainage 
treatments and slower than the seepage treatments.  The time to peak in this treatment is 
solely based on stream velocity and sediment bed interaction.  Figure 4.15 shows the total 
mass of phosphorus, compared to the 100 mg that was added to the system at the 
beginning of rill one.  The results show values of less than 100 mg for each replicate at 
sampler locations 1-3, but for location four, both replicates showed total masses of 
phosphorus being slightly greater than 100 mg.  This indicates that rills 1-3 were 
diffusing phosphorus into the sediment bed; whereas rill four seemed to show no reaction 
or possibly a slight contribution of phosphate to the surface water.  In general, the second 
replicate of the saturation treatment (shown in Figure 4.15 as the red bar) exhibited lower 
overall mass when compared to the first replicate.  This could be due to the 
randomization of the treatments and the availability of phosphorus uptake or release from 
the sediment bed.  The experiment was not designed to use new sediment for each 
treatment; therefore, even though the sediments were flushed before every treatment, it is 








Figure 4.14 Mass Flux P During Saturation 
Figure 4.14 The mass flux of phosphorus through the four sampling locations during 
saturation conditions.  Note that the times to peaks are in between that of the drainage 
and seepage treatments.  This holds true as well for the mass flux rate.  
 
 
Figure 4.15 Total Mass P During Saturation 
 
Figure 4.15 The amount of total mass passing through each sampling point during 
saturation.  Notice sampler numbers 1-3 are all below 100 mg, indicating and uptake of 



















































 When the saturation treatment is viewed using LSD analysis, it was found that 
there was no effect of distance within the treatment (Figure 4.16).  The results were 
expected due to the lack of hydraulic control on the system.  Chemical transport was, 
therefore, solely relying on sediment bed interaction of release or uptake.  
 
Figure 4.16 LSD Test For Saturation 
Figure 4.16 The statistical results of the saturation treatment.  Interpret the graph by 
viewing horizontally across the four distances.  The error bars all overlap, indicating no 
significant difference across distance within the saturation treatment. 
 
4.5 Statistical Interpretations 
Least significant difference tests were performed on each treatment and used to 
compare results across all treatments.  Drain leachate water was analyzed separately from 
surface water because the interactions and collection process were different.  Figure 4.17 
shows the results for total phosphorus mass in surface water across all treatments to 





























The most significant difference in this graph is the difference due to treatment from 10 
meters to 20 meters.  The differences are between the drainage treatments and, 
collectively, the seepage and saturation conditions.  The 10, 15 and 20 meter locations all 
exhibit significant differences in phosphorus mass from the drainage treatments applied.  
Within the 5 meter location the low drainage treatment (DL) and the saturation treatment 
are not significantly different and the two drainage treatments were not significantly 
different, but this can be attributed to the short transport time during the first five meters.  
The nutrient plume has yet to spread out within the first five meters, resulting in no 
significant difference between certain treatments.  As the plume traveled downstream, the 
treatment effect was more pronounced and by the 20 meter location, the differences in 
treatment were highly significant.  Except for the 20 meter location, the two seepage 
treatments were not significantly different from each other.  Again, the difference at the 








Figure 4.17 LSD Test for Surface Water Total P Mass Across All Treatments 
 
Figure 4.17 The results of the LSD test for surface water across all treatments.  Interpret 
the graph by viewing vertically.  Areas within each distance that different treatment error 
bars overlap is an indication of no significant difference.  Areas where there was no 
overlap indicates a significant difference between treatments in terms of phosphorus 
transport. 
 
 The separation between the treatments was even more pronounced in the bromide 
analysis.  Figure 4.18 shows the same results exhibited in Figure 4.17, but for bromide.  
The results show no significant difference between the saturation and seepage treatments 
across all distances.  However, the two drainage treatments are both significantly 
different from the seepage and saturation conditions, even at 5 meters.  The five meter 
location was the only location where the high drainage and low drainage treatments are 

































This was due to the short distance travel before the first sampler location.  The plume had 
not had enough time for the treatment to cause an effect. 
 
 
Figure 4.18 LSD Test for Surface Water Total Br Mass Across All Treatments 
 
Figure 4.18 shows the statistical results for bromide transport in surface water across all 
treatments within each distance.  Interpret the graph vertically within each distance to 
compare treatments. 
 
4.6 Bromide Tracer & Phosphorus Interactions 
4.6.1 Phosphorus vs. Bromide Mass Flux 
Sodium bromide was used in this study as a tracer to follow the nutrient injection 





























The use of reactive and non-reactive tracers is to separate out the additional uptake or 
release of the reactive tracer from the sediments from the hydraulic controlled advective 
and dispersive transport and the chemically controlled diffusive processes.  Bromide was 
used because it is non-reactive with sediment and should only move where the water 
moves it by hydraulic gradients and not by chemical attraction.  Figures shown in 
Appendix B illustrate the mass flux of bromide compared to phosphorus.  The mass flux 
curves are virtually identical in terms of shape and time to peak for each surface water 
curve.  The differences, though, can be most easily seen in the drain leachate water.  The 
patterns are consistent across both the drainage treatments and within each replicate.  The 
water collected has filtered through the sediments before leaching out of the flume at 
either 440 mL/min or 880 mL/min, depending on the treatment.  The two sets of graphs 
in Appendix B-Figures 5.3 and 5.4 are showing the relationship of phosphorus and 
bromide in leachate water.  The differences in transport between phosphorus and bromide 












Figure 4.19 Drain Leachate Mass Flux P vs. Mass Flux Br at 440 mL/min 
 
Figure 4.19 shows the differences between phosphorus and bromide in sediment bed 






























































Figure 4.20 Drain Leachate Mass Flux P vs. Mass Flux Br at 880 mL/min 
 
Figure 4.20 the differences between phosphorus and bromide in sediment bed interaction 
for drain leachate of the drainage treatment at 880 mL/min. 
 
In each of the four graphs presented the phosphorus values end higher than the 
initial concentration.  This indicates that the phosphorus that was entering the sediments 
was being released by the sediments, resulting in a new higher equilibrium phosphorus 


















































Bromide, being a non-reactive tracer, was expected to have a background equilibrium 
concentration of zero and then return to zero as it is continually being flushed through the 
sediments by the clean surface water.  Results showed that bromide behaved as expected 
and the starting and ending concentrations are zero.  Phosphorus showed release, 
resulting in a higher ending equilibrium concentration and bromide showed no reaction 
and was flushed out of the sediments as expected. 
4.6.2 Bromide Total Mass Transport 
As was done with phosphorus concentrations, bromide was also converted to 
reflect total mass transported through each rill section.  Graphs for total mass transport of 
bromide can be viewed in Appendix C.  When comparing the two drainage treatments in 
surface water total mass of bromide, each of the two bar graphs showed a reduction of 
total bromide mass with treatment, similar to that observed in the phosphorus graphs.  
The higher drainage treatment of 880 mL/min showed a much higher treatment effect, 
collecting only around 70 mg of bromide of the 200 mg added left in the surface water 
compared to more than double that in the low drainage treatment.  This drastic decline in 
mass is caused by doubling the amount of water leaving the system.  The treatment of 
losing 880 mL/min for each rill section puts a strong hydraulic gradient on the surface 
water and pulls the bromide out faster than the low drainage treatment.   
 Subsurface drain leachate samples were collected every minute for the duration of 
the experiment in each of the drainage treatments.  The high drainage treatment of 880 
mL/min showed much higher amounts of bromide in the drain leachate water than the 
low drainage treatment of 440 mL/min.  This was consistent with the decreased amount 






The bromide being lost from the surface was collected in the drain water.  The high 
drainage treatment showed a decreasing trend in total mass with distance where as the 
low drainage treatment stayed very stable across all distances.  This could possibly be 
attributed to errors in calibration of the drainage valves for each rill.  The goal was to be 
within 5 mL of the target number on each valve, but the higher drainage treatment had 
more water forcing though the same size valve.  This increased the pressure and made it 
more difficult to establish a rate that was suitable for the experiment. 
In both seepage treatments where water was being forced through the sediments, 
the bromide mass declined slightly from rill section one to rill section four.  It is possible 
that small amounts of bromide could have been forced into areas that were not 
immediately released into the water column, such as the two turn around zones that lack 
hydrology control.  This would not be due to molecular attraction, but rather to pockets of 
no flow or low flow in the sediment bed.  The low seepage treatment did however, show 
higher differences in bromide mass with respect to distance.  The first sampler collected 
195 mg of bromide out of the 200 mg that was added, compared to the fourth sampler 
showing masses as low as 175 mg.  This observation was not consistent with what was 
observed in the total phosphorus mass.  It is possible that the slower velocity associated 
with the decrease in overall discharge in the low seepage treatment could give more time 
for the bromide molecules to find their way into areas of no flow and be trapped and 
released later.  This is an unconfirmed finding, as the sediments were not tested between 
treatments.  Each experiments timeframe was established by surface water bromide 







The effects of saturation on bromide transport are similar to the results of 
phosphorus transport in that there was no substantial variation in the bromide transport 
for the saturation condition.   In terms of total mass movement, 200 mg of bromide was 
added to the input of the flume system and an expected result of this treatment on 
bromide transport was to see little to no loss of bromide.  The bar graph in Appendix C 
shows some interesting results.  Out of the four locations sampled, only one was very 
close to the 200 mg that was added at the start.  For the second replicate, shown in red, 
the mass stayed consistent throughout all samplers at the four distances.  This leads us to 
believe that there was no interaction and that there was error in the amount of solution 
added during the injection period or a measurable amount of bromide is being stored in 
areas of the flume that were not sampled.  As with the seepage treatments, it’s possible 
that bromide was stored in the turnaround zones as well as pockets of low flow within the 
sediments.   
4.6.3 Bromide to Phosphorus Ratios  
To further analyze the interactions that bromide and phosphorus exhibited with 
the sediment under different hydrology conditions, ratios of bromide to phosphorus were 
calculated and interpreted.  For all treatments, a 200 mL solution containing 200 mg of 
bromide and 100 mg of phosphorus was added to the beginning of rill section one.  Under 
the assumption that bromide is a non-reactive tracer, most of what goes in the system at 
the beginning, should theoretically come out at the end.  What was actually discovered 
was that bromide was being trapped within the sediment bed and did not completely 
come out.  Phosphorus was used as the reactive tracer and was assumed to be reactive 






The starting ratio for each treatment was 2:1, bromide to phosphorus.  Since bromide is 
non-reactive, the “2” in this ratio is expected to be fixed (except in the result of dead pool 
storage, where it is assumed that phosphorus as the same amount of storage); leaving the 
“1” as the determinate of uptake or release of phosphorus.  If the denominator increases 
above 1, phosphorus is being released into the water column and alternatively, if the 
denominator falls below “1”, phosphorus is being taken up by the sediments.  To make 
this clearer, if the ratio increases above 2, there is an uptake of phosphorus and if it drops 
below 2, there is a release of phosphorus.  Table 4.2 shows clearly the ratios calculated 
from the two drainage treatments as it relates to the original 2:1 ratio added to the system. 
As seen in Table 4.2, the Br to P ratios were all under 2:1.  This indicates a 
release of phosphorus from the sediments, granted the ratios were only slightly below 2 
in both the high and low drainage treatments.  The most interesting comparison that 
highlights the interactions between the non-reactive bromide tracer and the reactive 
phosphorus tracer can be seen in the ratios of the drain leachate water.  In both treatments 
the ratios drop well below that of the surface water ratios.  The leachate water was forced 
through the sediments by the hydraulic gradient, forcing interaction with the sediments.  
The effect of this was a release of phosphorus from the sediments.  Ratios for the low 
drainage treatment at 440 mL/min were lower than the high drainage treatment.  The 
subsurface interaction proved to be the most significant finding in this study. 
Table 4.3 illustrates the ratios for the two seepage treatments and the saturation 
treatment.  When comparing the two seepage treatments, the high seepage treatment had 






A possible reason for there to be more phosphorus released in the lower seepage 
treatment could be the interaction time with the sediments.  The high seepage treatment 
has higher velocity due to the increased discharge.  The lower seepage treatment had 
more time to release phosphorus into the water column because the water was moving 
slower.  The saturation treatment resulted in ratios that were very close to 2 with the 
exception of rill section four.  Rill section four is at the 20 meter location.  With the 
understanding that the flume is a stream simulator and the understanding that streams are 
dynamic and always changing, the variations can be explained by the fluctuations in 
stream dynamics that had occurred by the 20 meter location.  This could also possibly 
explain the unexpected result of the high seepage treatment and saturation treatment 
being statistically that same without having the low seepage treatment being statistically 
the same at 20 meters as well, but on the contrary it could also be caused by the 
equipment malfunction experienced in one of the replications.  The graph illustrating the 
significance was shown in the previous section.  With the lack of hydrologic influence, 
there was no expectation for the ratio to deviate far from the 2:1 ratio that was added in 
any of the seepage or saturation treatments.  It is important to note that the high seepage 
treatment and the saturation treatment were found to be not statistically different from 
each other in bromide or phosphorus transport at all distances and all three treatments 










Table 4.2 Drainage Treatment Ratios 















1 14.3 23.2 82.3 157.8 96.6 181.0 
2 14.1 21.9 68.9 129.5 97.3 174.6 
3 13.0 20.5 55.4 103.7 96.8 169.4 
4 13.0 19.8 40.6 73.2 95.0 158.7 















1 6.6 9.9 88.8 166.0 95.4 175.9 
2 7.3 10.1 79.8 156.6 93.7 176.7 
3 7.1 9.9 75.6 143.8 96.6 173.9 
4 6.8 9.1 67.0 129.1 94.7 168.3 
Drainage at 880 mL/min (averaged between replicates) 
Rill 
# Br/P Surface  Br/P Leachate Ratios for Totals 
1 1.9 1.6 1.9 
2 1.9 1.6 1.8 
3 1.9 1.6 1.8 
4 1.8 1.5 1.7 
Drainage at 440mL/min (averaged between replicates)  
Rill 
# Br/Surface   Br/P Leachate Ratios for Totals 
1 1.9 1.5 1.8 
2 1.9 1.4 1.9 
3 1.9 1.4 1.8 














             Table 4.3 Seepage and Saturation Ratios 









1 103.3 199.4 1.9 
2 99.5 192.3 1.9 
3 99.2 190.0 1.9 
4 98.3 183.1 1.9 









1 109.3 195.7 1.8 
2 104.4 185.7 1.8 
3 106.6 185.8 1.7 
4 112.0 181.2 1.6 









1 95.7 189.5 1.9 
2 97.2 187.7 1.9 
3 95.8 184.2 1.9 









CHAPTER 5. SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH 
Agricultural drainage ditches establish an un-constricted avenue for downstream 
nutrient and chemical transport.  Movement of water quickly from agriculture production 
fields causes problems with water quality downstream that affects micro ecosystems as 
well as quality of potable drinking water.  This study focused on understanding the 
effects of subsurface hydrology on nutrient transport of phosphorus under three 
hydrologic treatments; i.e., drainage, seepage and saturation.  Injections of phosphorus 
and bromide were conducted to quantify the amount of solutes transported and stored in a 
simulated agricultural drainage ditch.  Each treatment had the equal amounts of nutrients 
injected at distance zero of 200 mg bromide and 100 mg phosphorus.  The study found 
that under drainage conditions with a flux of 440 ml/min, total mass of phosphorus 
transported in the surface water was around 64 mg with around 36mg entering the 
sediments.  The drainage leachate total mass of phosphorus lost through the sediments 
averaged a total of 27 mg.  Under drainage conditions at 880 ml/min, total mass of 
phosphorus transported in surface water was around 40 mg with 60 mg entering the 
sediments due to the strong hydraulic gradient.  The drainage leachate total mass 








During seepage conditions at 440 mL/min and 880 ml/min, total mass phosphorus 
transported ranged from 100-110 mg, but the key point is that the totals were all about 
100 mg indicating no mass lost to the sediments when compared to the drainage 
treatments.  During the saturation condition, the total mass of phosphorus transported 
varied from 93-100 mg, with a majority of the rill sections showing totals less than 100 
mg.  This indicated that without any hydrologic conditions, there was some loss of 
phosphorus to the sediment bed by diffusion. 
 Statistically speaking, analysis of variance tests were performed on total 
phosphorus and total bromide mass in the surface and drain water using SAS statistical 
programming.  It was found that there were significant differences in phosphorus and 
bromide mass within each treatment at a significance level of 5%.  To determine the 
differences between the treatments, the ANOVA results were used to perform a least 
significant difference (LSD) test.  It was found that the drainage treatments were 
significantly different from the seepage and saturation treatments at 10, 15 and 20 meters, 
but was not significantly different than other treatments at the 5 meter location.  Within 
the 5 meter location, it was found that the low drainage treatment was not significantly 
different in phosphorus mass than the saturation treatment, but was significantly different 
than the two seepage treatments.  The lack of significant differences within the first 5 
meters was caused by the short transport distance and lower differences in discharge.  
The plume had not had enough time for the effects of advection and dispersion to cause a 
significant difference.  As the plume travels further distances downstream, the drainage 
treatments separate out from the seepage and saturation condition due to the hydraulic 






 In conclusion and in relation to the objectives of the study, a 20 meter stream 
simulator was developed with subsurface hydrology control and used to study nutrient 
transport in agricultural drainage ditches.  The flume was capable of setting three 
subsurface hydrology conditions, gaining stream, losing stream and saturation, and was 
able to control surface hydrology condition such as flow rate and flow depth.  The goal 
was to simulate a dynamic stream reach as best as possible in a laboratory setting and the 
flume design built has the capabilities to simulate a real stream bed in an effective 
manner.  The second objective was to quantify nutrient transport under three hydrologic 
conditions.  The flume was used to accomplish this objective and total mass of 
phosphorus was quantified in both surface and subsurface water quality samples.  The 
hypothesis was that total phosphorous mass in surface water for each hydrology condition 
would be significantly different from one another.  The results showed that the most 
significant difference in total mass transport of phosphorus was between the drainage 
treatments and the seepage and saturation treatments.  Within each drainage treatment 
there were also significant differences at 10, 15 and 20 meters, indicating that not only 
does the drainage treatment itself significantly impact phosphorus transport, the strength 
of the hydraulic flux also causes significant differences in transport.  In addition to 
meeting the research objectives of the study, three main take away conclusions were 
observed from the research.  One conclusion is that there was no influence from the 
sediments in surface water during the drainage conditions.  This means that the water that 
entered the sediments never came back out of the sediments; rather left the system in the 
drain leachate water.  Another important conclusion was that phosphorus mass transport 






The last take away conclusion was that there are most likely more dead pool storage 
zones in natural ditches and streams than realized as this study found variations in 
bromide mass transport across all treatments that could be consistent with mass loss to 
dead zones within the pores spaces in the sediment bed. 
 Future research could be done using the flume developed to study chemical 
transport.  Possible research objectives could be to further quantify nutrient transport and 
develop a model to fit the data collected in this study.  Improving on models used to 
predict transport of nutrients could help improve accuracy in determining the extent of 
groundwater contamination from losing stream reaches or to better predict the impacts of 
a contaminant introduced to a stream network.  Other possible research objectives could 
be to study the hyporheic exchange further by using the flume to transfer water from the 
subsurface of an upstream rill to a downstream rill.  Further research in this area in 
general could lead to better best management practices for agriculture fields or to ditch 
management strategies to slow nutrient runoff and transport and ultimately improve water 
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Appendix A Soil Analysis 
Table A.1 Sediment Analysis 
A&L Great Lakes Laboratories, INC. Soil Test Report 
OM % P-ppm K-ppm Mg-ppm Ca-ppm Soil pH CEC-meq/100g 
2.3 31-H 76-L 375-H 2650-H 7.6 16.6 




VH 56-VH 113-VH 2.2-H .4-L 
 


















Figure B.1 Mass Flux P vs. Mass Flux Br with Drainage at 880 mL/min 
 
Figure B.1 shows the comparison of phosphorus mass flux to bromide mass flux in 























































Figure B.2 Mass Flux P vs. Mass Flux Br with Drainage at 880 mL/min 
 
Figure B.2 shows the comparison of mass flux between phosphorus and bromide in 
























































Figure B.1 Drain Leachate Mass Flux P vs. Mass Flux Br with Drainage at 440 mL/min 
 
Figure B.3 shows the differences between phosphorus and bromide in sediment bed 



























































Figure B.2 Drain Leachate Mass Flux P vs. Mass Flux Br with Drainage at 880 mL/min 
 
Figure B.4 the differences between phosphorus and bromide in sediment bed interaction 




















































Figure B.3 Mass Flux P vs. Mass Flux Br with Seepage at 440 mL/min 
 
Figure B.5 shows the comparison of phosphorus and bromide mass flux for the seepage 
































































Figure B.6 shows the comparison of phosphorus and bromide mass flux for the seepage 




























































Figure B.5 Mass Flux P vs. Mass Flux Br with Saturation 
 






















































Appendix C  Bromide Total Mass Transport 
 
 
Figure C.1 Surface Water Total Mass Br Between Drainage Treatments 
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Figure C.2 Drain Leachate Total Mass Br Between Drainage Treatments 
 
Figure C.2 shows the comparison between in bromide mass in the drain leachate water 
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Figure C.3 Total Mass Br Between Seepage Treatments 
 






















































Figure C.4 Total Mass Br with Saturation 
 






















Total Mass Br with Saturation 
